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SUMMARY 

The de te rmina t ion  of mean s t r eaml ine  p a t t e r n s  by moving t h e  test  p o i n t  i n  t h e  
d i r e c t i o n  of t h e  measured v e l o c i t y  i s  shown t o  produce cumulat ive e r r o r s  t h a t  are 
unacceptab le .  A two-dimensional a lgori thm t h a t  minimizes t h e s e  e r r o r s  i s  presented  
and i s  a n a l y t i c a l l y  v a l i d a t e d  us ing  s i m p l e  p o t e n t i a l  f lows. 

as an example of a t y p i c a l  a p p l i c a t i o n  of t h e  a lgor i thm,  mean s t r e a m l i n e s  are mea- 
sured  i n  a complex, t u r b u l e n t  f low wi th  a three-dimensional  laser anemometer. 

The a lgo r i thm i s  
* extended t o  three-dimensional  f lows and is  aga in  v a l i d a t e d  a n a l y t i c a l l y .  F i n a l l y ,  

INTRODUCTION 

Complex, h i g h l y  t u r b u l e n t  f l u i d  flows are d i f f i c u l t  t o  measure o r  v i s u a l i z e  
exper imenta l ly .  I n  gene ra l ,  f low surveys are conducted a long  s t r a i g h t - l i n e  pa ths  
t o  create a g r i d ,  o r  mesh, of l o c a t i o n s  where v e l o c i t i e s  have been measured. Using 
t h o s e  d a t a ,  v e c t o r  p l o t s  o r  arrow diagrams on t h e  g r i d  can p rov ide  p i c t o r i a l  repre-  
s e n t a t i o n s  of t h e  flow p a t t e r n s  from which t h e  s c i e n t i s t ,  i t  i s  hoped, can  g a i n  
i n s i g h t  i n t o  t h e  f l u i d  mechanics of t h e  flow. 

Where s t r e a m l i n e  p a t t e r n s  are des i r ed ,  an alternative approach t o  us ing  v e c t o r  
p l o t s  i s  t o  measure t h e  mean v a l u e s  of  t h e  t h r e e  or thogonal  components of t h e  veloc-  
i t y  a t  a g iven  l o c a t i o n ,  compute t h e  flow d i r e c t i o n ,  move t h e  measurement probe a 
s h o r t  d i s t a n c e  i n  t h a t  d i r e c t i o n ,  and repea t  t h e  procedure.  However, i n  o r d e r  t o  
accomplish such measurements, t h e  velocity-measuring dev ice  m u s t  be  capable  of 
a c c u r a t e l y  measuring a l l  t h r e e  v e l o c i t y  components, even i n  r eg ions  of s t a g n a t i o n  
and reversed  or r e c i r c u l a t i n g  flow. 
dev ices  are not  accep tab le  i n  t h i s  kind of flow, r e c e n t  advances ( r e f s .  1 and 2)  i n  
three-dimensional ,  laser-Doppler  anemometry (3D LDA) now make such measurements 
f e a s i b l e .  

Whereas hot-wire  anemometers and pressure-based 

The p r e s e n t  paper  w i l l  b r i e f l y  review a two-dimensional a lgo r i thm f o r  stream- 
l i ne  t r a c i n g  t h a t  h a s  been developed by Or lo f f  and Snyder ( r e f .  3 ) .  T h i s  a lgo r i thm 
reduces t h e  sys t ema t i c  " d r i f t "  of t h e  LDA t e s t  p o i n t  away from t h e  c o r r e c t  stream- 
l i n e  t h a t  occurs  when t h e  above t a n g e n t i a l  motion technique  i s  used.  Then, t h e  two- 
dimensional  a lgor i thm i s  extended t o  f u l l y  three-dimensional  f lows,  and exper imenta l  
r e s u l t s  are presented  of a 3D LDA streamline t r a c i n g  i n  a complex t u r b u l e n t  f low i n  
t h e  A m e s  7- by 10-Foot (Low Speed) Wind Tunnel.  

TWO-DIMENSIONAL LDA STREAMLINE TRACING 

O r l o f f  and Snyder ( r e f .  4 )  and Snyder e t  a l .  ( r e f .  5) have r epor t ed  a 3D LDA 
measurement technique  based on s t a t i s t i c s  and sampling theo ry  t h a t  a l lows  measure- 
ment t o  a p resc r ibed  accuracy of e i t h e r  a mean v e l o c i t y  component o r  t h e  mean flow 



d i r e c t i o n .  
c o n s t r u c t i n g  vector or arrow p l o t s  of t h e  mean f low d i r e c t i o n s  along a survey  l i n e  
i n  a t u r b u l e n t  f low ( r e f .  5 ) .  Also,  as shown i n  f i g u r e  l ( a ) ,  t hey  at tempted t o  fo l low 
a mean s t r e a m l i n e  i n  a t u r b u l e n t  f low by us ing  t h e  s t epp ing  method desc r ibed  above, 
and t h e  r e s u l t i n g  path o f  t h e  LDA tes t  p o i n t  w a s  shown (by u s i n g  r e v e r s e  traces) t o  
be  o t h e r  t han  a t r u e  f l u i d  s t r e a m l i n e  ( r e f .  5 ) .  

Having applied t h e  technique ,  t hey  have shown i t  t o  be a c c u r a t e  f o r  

To prove t h a t  the  d iscrepancy  i s  n o t  a r e s u l t  of measurement i n a c c u r a c i e s  asso- 
c i a t e d  w i t h  t h e  3D LDA, Orlo f f  and Snyder ( r e f .  3 )  have used s imple  two-dimensional 
p o t e n t i a l  f lows wi th  v a r i a b l e  c u r v a t u r e  and i n f l e c t i o n  t o  s i m u l a t e  t h e  LDA t r a c i n g  
technique.  T h e i r  resul ts  demonst ra te  t h a t  t h e  e r r o r s  occur  because t h e  s t e p  segments 
are always s t r a i g h t  l i n e s  t h a t  are t angen t  t o  t h e  l o c a l  s t r eaml ine .  F i g u r e  l b  demon- 
strates both  t h a t  a cumulative e r r o r  i s  incu r red  when s t r a i g h t - l i n e  motion i n  t h e  
d i r e c t i o n  of t h e  measured v e l o c i t y  i s  used and t h a t  t h e  numerical  trace tends  t o  
c r o s s  s t r e a m l i n e s .  More impor tan t ly ,  t h e  numerical  reverse-pa th  segments (moving 
o p p o s i t e  t o  t h e  v e l o c i t y  d i r e c t i o n  s t a r t i n g  from a p o i n t  on t h e  forward pa th)  show 
p r e c i s e l y  t h e  same divergence t o  t h e  o u t s i d e  of  t h e  forward trace as is  evidenced i n  
t h e  exper imenta l  reverse-path traces i n  f i g u r e  l ( a ) .  
t h a t  minimizes t h e  e r r o r  is  desc r ibed  i n  d e t a i l  i n  r e f e r e n c e  3 and i s  summarized 
below. 
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A more exact motion a lgo r i thm 

F igure  2(a)  dep ic t s  a l o c a l  s t r e a m l i n e  s e c t i o n  i n  t h e  YZ p l ane  t h a t  i s  concave 
upward (d2Z/dY2 > 0 ) .  
a t  t h e  c u r r e n t  measurement l o c a t i o n  ( p o i n t  5 ) .  
d i r e c t i o n  a long  t h e  path, two opposing v e l o c i t y  v e c t o r s  are shown at  po in t  5 ,  and t h e  
forward v e c t o r  i s  denoted a t  an  a n g l e  8f and t h e  r e v e r s e  v e c t o r  a t  an  ang le  8,. 
The a n g l e  6 i s  t h e  change i n  t h e  s t e p  d i r e c t i o n  t h a t  i s  necessary  t o  c o r r e c t  f o r  
t h e  e r r o r  i ncu r red  by moving t a n g e n t i a l l y .  

The measured v e l o c i t y  i s  assumed t angen t  t o  t h e  s t r e a m l i n e  
Because t h e  f low may be i n  e i t h e r  

General expressions f o r  the C a r t e s i a n  c o r r e c t i o n s  AY' and AZ'  ( a s  i n d i c a t e d  i n  
f i g u r e  2(b)  t h a t  desc r ibe  a l l  p o s s i b l e  combinations of concave-upward o r  concave- 
downward flow, and p o s i t i v e  o r  n e g a t i v e  s l o p e  l o c a t i o n s ,  are developed i n  r e f e r e n c e  3 
and are g iven  by 

AY' = -2(STEP)sin 6/2 s i n ( 6 / 2  + a68) (1) 

AZ' = 2aB(STEP)sin 6 / 2  cos(6 /2  + af38) (2) 

where 

a = s i g n  of (cos  e )  ( 3 )  

f3 = s i g n  of (iz2-3 E) 
( 4 )  

6 = sin-l(STEP/2R). (5) 

and 8 may be e i t h e r  O f  o r  B r  and 8 = t an- l (Z/P) .  The d e r i v a t i v e s  shown i n  t h e  
above expres s ion  f o r  B denote  a pa rame t r i c  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  t h e  
p o i n t  number n = 1, . . ., 5 ,  as i n d i c a t e d  i n  f i g u r e  2 ( a ) .  The pa rame t r i c  desc r ip -  
t i o n  must be  used t o  prevent t h e  c u r v e - f i t t i n g  r o u t i n e  from encounter ing  double- 
valued f u n c t i o n s  i n  the c a l c u l a t i o n  of  t h e  r a d i u s  of  c u r v a t u r e  (double-valued func- 
t i o n s  can  occur  as t h e  s t r e a m l i n e  t r a n s i t i o n s  between concave-upward and 
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concave-downward where Z i s  t h e  dependent v a r i a b l e  and Y is  t h e  independent 
v a r i a b l e ) .  

The d i s t a n c e  STEP i s  chosen between minimum and maximum v a l u e s ,  SMIN and SMAX, 
r e s p e c t i v e l y ,  t h a t  are a p p r o p r i a t e  t o  the  f low being s t u d i e d .  The v a l u e  i s  calcu-  
l a t e d  w i t h i n  t h i s  i n t e r v a l  based on the  r a d i u s  of c u r v a t u r e  and i n f l e c t i o n  of t h e  
s t r e a m l i n e .  For t h e  f i r s t  f i v e  p o i n t s  a long a s t r e a m l i n e  trace, S M I N  i s  used,  and 
t h e  motion i s  i n  t h e  d i r e c t i o n  of t h e  measured v e l o c i t y .  
r a d i u s  of cu rva tu re  R is  computed using a l o c a l  parametric q u a d r a t i c  f i t  through 
t h e  c u r r e n t  t e s t - p o i n t  l a c a t i o n  and the  prev ious  f o u r  p o i n t s .  I n  r eg ions  of l o c a l  
s t r e a m l i n e  i n f l e c t i o n ,  t h e  s t e p  s i z e  must no t  a b r u p t l y  i n c r e a s e  t o  SMAX because 
l a r g e  d e v i a t i o n s  from t h e  s t r e a m l i n e  may occur .  To prevent  t h i s ,  t h e  r a d i u s  of cur-  
v a t u r e  a t  t h e  prev ious  l o c a t i o n ,  ROLD, is  compared w i t h  t h e  r a d i u s  of cu rva tu re  a t  
t h e  c u r r e n t  l o c a t i o n ,  R ,  and t h e  r a t i o  ROLD/R i s  computed. A s  t h e  t e s t  po in t  moves 
i n t o  a r eg ion  of i n f l e c t i o n ,  t h e  r a t i o  becomes less than  one, and t h e  s t e p  s i z e  i s  
decreased  t o  prevent  s i g n i f i c a n t  d e v i a t i o n  from t h e  s t r e a m l i n e .  STEP i s  t h e r e f o r e  
g iven  by 

For subsequent  p o i n t s ,  t h e  

STEP = SMIN + (SMAX - SMIN) M ( R A T )  

where RAT i s  a q u a n t i t y  def ined  by 

RAT = ( R O L D / R ) ~  i f  ROLD/R < 1 

RAT = 1 i f  ROLD/R L 1 

RINF i s  a c o n s t a n t  r a d i u s  t h a t  i n f luences  t h e  relative rate of  v a r i a t i o n  of t h e  s t e p  
s i z e  w i t h  changing r a d i u s  of cu rva tu re .  XINF is  u s u a l l y  chosen t o  be a r a d i u s  a t  
which t h e  c u r v a t u r e  is  e f f e c t i v e l y  " f l a t "  r e l a t i v e  t o  t h e  scale of t h e  flow. 

The a b i l i t y  of t h e  foregoing c o r r e c t i o n  scheme t o  compensate f o r  t h e  e r r o r  
i n h e r e n t  i n  t a n g e n t i a l  s t epp ing  i s  shown, i n  f i g u r e  3 ,  f o r  a s imple p o t e n t i a l  f low 
wherein t h e  pa th  goes through moderate cu rva tu re  and two p o i n t s  of i n f l e c t i o n .  
Although the c o r r e c t e d  pa th  i s  no t  exact ,  i t  i s  s i g n i f i c a n t l y  b e t t e r  t h a n  t h e  pa th  
t h a t  r e s u l t s  from t a n g e n t i a l  s t epp ing .  Most n o t i c e a b l e  i s  t h e  d e v i a t i o n  t h a t  occu r s  
f o r  t h e  uncorrec ted  pa th  a long  t h e  second h a l f  of t h e  trace. This  i s  a r e s u l t  of 
t h e  convergence of t h e  s t r e a m l i n e s  as the flow accelerates over  t h e  top of t h e  
c y l i n d e r .  I n  t h i s  reg ion ,  any s m a l l  spa t i a l  e r r o r  i n  t h e  s t epp ing  motion i s  ampli- 
f i e d  because i t  r e p r e s e n t s  a l a r g e  percentage of t h e  d i s t a n c e  between s t r e a m l i n e s ;  
subsequent ly ,  as t h e  trace proceeds downstream (where t h e  s t r e a m l i n e s  are f a r t h e r  
a p a r t )  t h e  s p a t i a l  e x t e n t  of t h e  e r r o r  becomes more pronounced. I n  view of t h i s ,  
t h e  accuracy  of t h e  co r rec t ed  s t epp ing  i s  q u i t e  reasonable .  

THREE-DIMENSIONAL CORRECTION ALGORITHM 

St reaml ine  t r a c i n g  i n  t h r e e  dimensions i s  more involved  than  f o r  t h e  two- 
dimensional  case j u s t  descr ibed .  
t h e  LDA test p o i n t  along a measured th5ee-dimensional s t r e a m l i n e .  
a measurement of t h e  v e l o c i t y  v e c t o r  V a t  p o i n t  5. The p r o j e c t i o n s  of V i n t o  t h e  
XY,  Y Z ,  and ZX p lanes  are denoted by Vxy, Vyz, and Vzx, r e s p e c t i v e l y ,  and t h e  
o r i e n t a t i o n s  of  t h e  p r o j e c t i o n s  i n  t h e  p lanes  are g iven  by t h e  angles  
r e s p e c t i v e l y .  From t h i s  in format ion ,  the  next  test  p o i n t  l o c a t i o n  must be determined.  
Not ice ,  however, t h a t  t h e  s tepping  motion i s  completely s p e c i f i e d  us ing  only  two 

Figure 4 d e p i c t s  t h e  f i v e  most-recent l o c a t i o n s  of 
The LDA+provides 

y ,  0 ,  and a, 
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p lanes ,  and t h e  motion, when viewed i n  t h e  t h i r d  p l ane ,  i s  uniquely  determined.  I n  
o r d e r  t o  e x p l a i n  which of  t h e  t h r e e  p l anes  are used f o r  t h e  three-dimensional  algo- 
r i t hm t h a t  accomplishes t h e  c o r r e c t i o n  f o r  c u r v a t u r e ,  a f low c h a r t  ( f i g .  5) i s  
presented .  

A p a r a b o l i c  leas t - squares  paramet r ic  curve  f i t  through t h e  f i v e  most-recent 
l o c a t i o n s  y i e l d s  t h e  first d e r i v a t i v e s  
and Z .  
are g iven  by 

a ,  9 ,  and 2, and t h e  second d e r i v a t i v e s  2, Y ,  
The r a d i i  of c u r v a t u r e  f o r  t h e  s t r e a m l i n e  p r o j e c t i o n s  i n t o  t h e  t h r e e  p l a n e s  

(7) 

(y + k2)3/2 
= I-:.. 

RZX zx - az 
Using t h e s e  r a d i i ,  s t e p  s i z e s  are computed f o r  each p l a n e  according t o  equa t ion  ( 6 ) ,  
and are denoted by STPXY, STPYZ, and STPZX. 

To de termine  which two of t h e  t h r e e  p l anes  should be  used t o  b e s t  d e s c r i b e  and 
p r e d i c t  t h e  motion t o  t h e  next  l o c a t i o n ,  t h e  magnitudes of t h e  p ro jec t ed  v e l o c i t i e s  
Vxy, Vyz, and VzX are compared, and t h e  p l ane  c o n t a i n i n g  t h e  smallest p r o j e c t i o n  i s  
t h e  one t h a t  is  d is regarded .  Consider ,  f o r  example, a s t r e a m l i n e  t h a t  l i es  v e r y  
n e a r l y  a long t h e  Y-axis. Here, t h e  p r o j e c t i o n  of t h e  s t r e a m l i n e  i n  t h e  ZX p l ane  
provides  ve ry  l i t t l e  path informat ion  because t h e  p o i n t s  w i l l  be  q l o s e  t o g e t h e r  i n  
t h a t  p lane .  F igu re  5 i n d i c a t e s  t h a t  t h e  procedure w i l l  be  similar f o r  any two 
p lanes ;  as an  example of t h e  subsequent  procedure,  t h e  case wherein t h e  ZX p l ane  
i s  t h e  n o n - c r i t i c a l  (d i s regarded)  p l ane  i s  followed through. 

The two remaining p l anes  (XY and YZ) are des igna ted  as primary and secondary;  
t h e  p l ane  wi th  t h e  sma l l e s t  r a d i u s  of c u r v a t u r e  i s  t h e  primary plane.  The s t e p  s i z e  
i s  chosen t o  be t h e  smallest o f  STPXY and STPYZ, and i t  i s  l a b e l e d  simply STEP1. 
The f low c h a r t  shows the  procedure t o  be followed when t h e  l o c a l  r a d i u s  of c u r v a t u r e  
i n  t h e  YZ p l ane  i s  smaller than  t h e  r a d i u s  of c u r v a t u r e  i n  t h e  XY plane .  The two- 
dimensional  c o r r e c t i o n  equa t ions  (1) through (5) are app l i ed  ( a s  shown i n  f i g .  6)  t o  
t h e  YZ p l ane  us ing  Ryz and STEP1; t h e  r e s u l t s  g i v e  YNEb! = Y + A Y '  and 
ZNn~ = Z + A Z ' .  
t h e  motion i n t h e  primary p lane  (YZ plane)  t o  t h e  e x t e n t  t h a t  t h e  Y-locat ion i s  t h e  
same (po in t  P) .  To compute t h e  remaining c o r r e c t i o n ,  A X ' ,  t h e  coord ina te s  (Yo,Xo) 
are g iven  by 

Now, t h e  motion i n  t h e  secondary p l ane  (XY plane)  must ag ree  w i t h  

I where 



a' = s i g n  of (cos  y) (11) 

B '  = s i g n  of (;" ;3 e) 
It can be  shown t h a t  t h e  o r d i n a t e  va lue  of p o i n t  P i s  

It should be noted t h a t  t h e  d i r e c t i o n s  of  Vyz and Vxy w i l l  be p r e c i s e l y  tan- 
gen t  t o  t h e  p red ic t ed  c u r v a t u r e  only where t h e  s t r e a m l i n e s  are c i r c u l a r .  
as t h e  c u r v a t u r e  var ies ,  t h e  two-dimensional o r  three-dimensional  c o r r e c t i o n s  w i l l  
cause  t h e  s t r eaml ine  trace t o  l a g  s l i g h t l y  behind,  thereby keeping t h e  t e s t - p o i n t  
motion from r e a c t i n g  too  qu ick ly  t o  changes i n  cu rva tu re .  Also,  f o r  exper imenta l  
measurements, s t a t i s t i c a l  v a r i a t i o n s  i n  t h e  v e l o c i t y  d i r e c t i o n  w i l l  be  somewhat 
damped by t h e  c o r r e c t i o n s .  Therefore ,  i f  equa t ion  (13) is  used t o  de te rmine  t h e  
X-coordinate,  XNE,J, t hen  p o i n t  P w i l l  always be  l o c a t e d  on t h e  c i r c l e  of  r a d i u s  
R n ,  and t h e  damping e f f e c t  w i l l  be l o s t .  To ma in ta in  t h e  e f f e c t ,  a c o r r e c t i o n  AX' 
LL,uaL ul: Lulllt.'ULtu (as w a s  done f o r  the two-diiueiisicjnai casej and app i i ed  t o  cne v e c t o r  
Vxy t h a t  may not  be p r e c i s e l y  tangent  t o  t h e  es t imated  radius-of-curvature  c i rc le .  
To accomplish t h i s ,  n o t i c e  t h a t  t h e  s t ep  s i z e  i n  t h e  secondary p lane  i s  cons t r a ined  
t o  t a k e  on t h e  v a l u e  

Genera l ly ,  

- . . - C  Le ,.*--..t-A 

I n  o t h e r  words, u s ing  STEP2 and Rm i n  t h e  two-dimensional c o r r e c t i o n  equa t ions  f o r  
t h e  XY p l ane  w i l l  g i v e  a c o r r e c t i o n  AY' t h a t  r e s u l t s  i n  t h e  same v a l u e  YNEW as 
w a s  ob ta ined  f o r  t h e  YZ plane.  Add i t iona l ly ,  AX'  i s  g iven  by 

AX' = 2 ~ ' B ' ( S T E P 2 ) s i n ( 6 ' / 2 ) c o s ( 6 ' / 2  + a'B'y)  (15) 
where 

6 '  = sin-l(STEP2/2R ) 
XY 

To v e r i f y  t h a t  t h e  three-dimensional a lgo r i thm provides  a c c e p t a b l e  c o r r e c t i o n s ,  
t h e  method w a s  checked by s imula t ion ,  again us ing  a s imple a n a l y t i c a l  f low. Stream- 
l i n e s  were genera ted  f o r  a p o t e n t i a l  flow c o n s i s t i n g  of a v o r t e x  of s t r e n g t h  I", a 
s i n k  of s t r e n g t h  Q, and a uniform a x i a l  v e l o c i t y  U. Figure  7 (a )  shows t h e  pro jec-  
t i o n  of several s t r e a m l i n e s  i n t o  t h e  YZ p l ane ;  f o r  c l a r i t y ,  f i g u r e  7(b)  shows t h e  
p r o j e c t i o n  i n t o  t h e  ZX p lane  of on ly  t h e  s t r e a m l i n e  t h a t  pas ses  through t h e  s tar t -  
ing  l o c a t i o n ,  (X,Y,Z) = (0 ,4 ,0) .  The YZ and XZ p l anes  are p resen ted  i n  f i g u r e  7 (a )  
and 7 (b)  because they  are convenient  f o r  d i s p l a y i n g  t h e  three-dimensional  n a t u r e  of 
t h e  f low; they  are n o t  n e c e s s a r i l y  t h e  primary and/or  secondary p l anes .  I n s t e a d  of 
i n d i c a t i n g  t h e  primary and secondary planes,  i t  i s  easier t o  i n d i c a t e  on t h e  f i g u r e  
t h e  p l ane  t h a t  has  been d is regarded  ( labe led  between heavy d o t s  i n  t h e  f i g u r e ) .  
Th i s  flow i s  a good test  case because the  s t r e a m l i n e s  have vary ing  degrees  of curva- 
t u r e  i n  t h e  t h r e e  p lanes .  
same i n  a l l  r eg ions  of  t h e  flow, and the a lgo r i thm must t r a n s i t i o n  smoothly when t h e  
p l anes  change as t h e  tes t  po in t  moves along t h e  s t r eaml ines .  The on ly  d e v i a t i o n  
from t h e  t r u e  s t r e a m l i n e  occurs  nea r  the end of  t h e  trace where t h e  minimum s t e p  
s i z e  ( 0 . 1  cm) i s  too  l a r g e  ( r e l a t i v e  t o  t h e  l o c a l  r a d i u s  of cu rva tu re )  t o  provide  
an  a c c u r a t e  trace. 
reduce t h e  minimum s t e p  s i z e  as t h e  rad ius  of cu rva tu re  i s  observed t o  decrease .  

Hence, t h e  primary and secondary p l anes  w i l l  no t  be t h e  

Experimental ly ,  t h i s  problem i s  solved because t h e  engineer  can 
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THREE-DIMENSIONAL LDA STREAMLINE TRACING-EXPERIKENTAL RESULTS 

I n  conjunct ion  wi th  V/STOL b a s i c  aerodynamics r e s e a r c h ,  t h e  3D LDA instrumen- 
t a t i o n  desc r ibed  i n  r e fe rence  2 w a s  used t o  measure t h e  flow a s s o c i a t e d  w i t h  a 
5-cm-diam co ld  j e t  i s s u i n g  normally from a s u r f a c e  p l a t e  i n t o  t h e  wind tunne l  c ross -  
flow. The j e t  v e l o c i t y  (V 
Using t h e  c r i t e r i o n  t h a t  t iE tang le s  obta ined  by p r o j e c t i n g  t h e  measured v e l o c i t y  
i n t o  t h e  t h r e e  p l anes  ( f i g .  4 )  be  s t a t i s t i c a l l y  a c c u r a t e  t o  w i t h i n  10" ( a s  d i scussed  
i n  r e f .  5 ) ,  t h e  streamline traces presented  i n  f i g u r e  8 w e r e  ob ta ined  as real-time, 
on- l ine  d i s p l a y s  during t h e  course  of t h e  experiment.  Each of t h e  s t r e a m l i n e s  
(except  f o r  t h o s e  l abe led  F and R) w e r e  begun a t  5 c m  above t h e  s u r f a c e  p l a t e  and 
a t  v a r i o u s  Y-values, as i n d i c a t e d .  For c l a r i t y ,  n o t  a l l  of t h e  traces shown i n  t h e  
XY p lane  are a l s o  shown i n  t h e  ZX p l ane .  I t  should be emphasized t h a t  nea r  t h e  
j e t  and i n  i t s  wake the l o c a l  t u r b u l e n t  i n t e n s i t y  reaches  v a l u e s  i n  excess  of 40%;  
hence, a s t r e a m l i n e  r ep resen t s  t h e  mean f l u i d  t r a j e c t o r y  . 

) w a s  85 m/sec and t h e  v e l o c i t y  r a t i o  (Vjet/Vm) w a s  8. 

The accuracy of the exper imenta l ly  determined t r a j e c t o r i e s  was t e s t e d  by con- 
duc t ing  a reverse-path measurement a long a s t r e a m l i n e  t h a t  had been p rev ious ly  mea- 
sured  i n  t h e  forward d i r e c t i o n .  Because s t a t i s t i c a l  v a r i a t i o n s  caused by measurement 
v a r i a t i o n s  could induce random d e v i a t i o n  from t h e  s t r e a m l i n e ,  as expla ined  i n  r e f e r -  
ence 3 ,  a s t r e a m l i n e  s e c t i o n  w a s  chosen where t h e  tu rbu lence  i n t e n s i t y  w a s  lower,  and 
t h e  p ro jec t ed  v e c t o r s  could thereby  be exper imenta l ly  determined t o  b e t t e r  t han  2" 
over  t h e  e n t i r e  trace. The forward trace i s  l a b e l e d  F i n  f i g u r e  8 ,  and t h e  
reverse-path trace, l abe led  R ,  beg ins  where t h e  forward trace ends.  No t i ce  t h a t  
t h e  reverse trace d e v i a t e s  s l i g h t l y  from t h e  forward t r a c e  f o r  t h e  f i r s t  f i v e  s t e p s  
be fo re  t h e  c u r v e - f i t t i n g  r o u t i n e  becomes e f f e c t i v e ;  t h i s  i s  a r e s u l t  of t h e  cumula- 
t i ve  e r r o r  due t o  t a n g e n t i a l  s t epp ing .  Subsequent ly ,  however, no f u r t h e r  sys t ema t i c  
e r r o r  i s  incu r red .  The reverse s t r e a m l i n e  remains n e a r l y  p a r a l l e l  t o  t h e  forward 
trace i n  t h e  ZX plane,  and t h e  reverse trace a c t u a l l y  converges t o  t h e  forward 
t r a c e  i n  t h e  XY plane (probably due t o  s t a t i s t i c a l  v a r i a t i o n s ,  as noted i n  
r e f e r e n c e  3 ) .  

CONCLUDING REMARKS 

An a lgo r i thm has been presented  t h a t  can be used w i t h  a three-dimensional  
laser-Doppler anemometry system t o  determine a c c u r a t e l y  t h e  mean s t r e a m l i n e  p a t t e r n s  
i n  a complex, t u r b u l e n t ,  three-dimensional  flow. Cumulative,  s y s t e m a t i c  e r r o r s  
caused by t a n g e n t i a l  s t epp ing  can be s u c c e s s f u l l y  removed by u s i n g  t h e  formalism 
that has  been presented .  
on- l ine  so f tware ,  i t  provides  a powerful d i a g n o s t i c  t o o l  f o r  ga in ing  i n s i g h t  i n t o  
t h e  f l u i d  dynamics of t h e  flow. 

Also,  when t h e  a lgo r i thm i s  made an  i n t e g r a l  p a r t  o f  t h e  
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(b) Numerical simulation of LDA streamline tracing showing crossing of streamlines 
and divergence of reverse paths due to cumulative errors. 

Figure 1.- Results of straight-line stepping in the direction of the velocity vector 
(from ref. 3). 
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(a) Concave-upward flow; 6 is correction angle, R is estimated radius of curvature 
at point 5. 

z 
AY' 

5 
- Y  

(b) Cartesian corrections AY' and AZ' 

AY' 
-z 

for forward- and reverse-flow directions at 
point 5. 

Figure 2.- Correction scheme used to reduce error created by tangential stepping. 
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UNCORRECTED 
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Figure 3.- Using radius-of-curvature algorithm to follow streamlines in a simulated 
potential flow with local inflection; uncorrected result is shown for comparison 
SMIN = 0.2 cm; SMAX = 0.6 cm. 

/ 
/ STREAMLINE 

/ 
/ 

Figure 4.- Velocity vector V at point 5 along the streamline is projected into 
three planes to define magnitudes and angles. 
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1. MEASURE u, v, w AT CURRENT. 
LOCATION X, Y, Z 

THRU MOST RECENT FIVE POINTS 
3. COMPUTE STEP SIZES ACCORDING 

TO EQT. (6) FOR THE XY, YZ, AND 
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2. LEAST-SQUARES PARAMETRIC FIT 
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I 
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I 
v 
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RYZ < RXY RYZ ' RXY 

YZ PRIMARY PLANE 
XY SECONDARY PLANE 

APPLY 2D EQUATIONS (1) 
AND (2) TO YZ-PLANE USING 

Ryz AND STEP1 

I I XY PRIMARY PLANE 
YZ SECONDARY PLANE 

COMPUTE XNEW FROM EQT. (13) 
COMPUTE AX' USING STEP2 AND Rxy 

L I  MOVE TO NEW LOCATION I 
~ 

Figure 5.- Flow chart for three-dimensional correction algorithm. 

11 
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PRIMARY PLANE 
- Y  

(YO# X0) TEST POINT 
PATH PROJECTION 
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SECONDARY PLANE 
b Y  

Figure 6.- Example of three-dimensional corrections for tangential stepping. 
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Figure  7.- Simulated s t r e a m l i n e  t r a c i n g  i n  t h r e e  dimensions showing t h e  p l ane  t h a t  i s  
d i s r ega rded  a long  each segment of t h e  measured pa th .  
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Figure 8.- Measured 3D LDA streamline traces for jet-in-a-crossflow experiment. 
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